We report a demonstration of a wide field-of-view (FOV) imaging with a wavefront coded diffractive photon sieves. In conventional diffractive photon sieves (or other diffractive optical elements), clear imaging can only be achieved within near-zero FOV due to the strict interference conditions imposed by diffraction imaging. It is found that a wide FOV imaging with diffractive elements can be achieved by using a wavefront coded diffractive pattern that generates equal focusing power for light rays coming from a wide incident FOV. Experimental validation was performed using an ultraviolet (UV)-lithography fabricated wavefront coded photon sieves of a focal length of 500 mm and a diameter of 50 mm at a design wavelength of 632.8 nm. Results show that a wide half-FOV of 4°can be obtained with the wavefront coded photon sieves, compared to that of 0.5°with the conventional one.
Introduction
Diffractive optical elements (DOEs) are an important type of optical imaging components in modern optical systems, because of their unique characteristics of compact size, light weight, and unique capabilities in extreme wavelength band, e.g., X-ray or extreme ultraviolet (EUV), that are difficult or even impossible with conventional glass-based refractive optics [1] - [6] . Various Fresnel zone plates (FZP) are typical diffractive elements in which a series of concentric circular rings of equal area with alternating absorbing and transmitting zones. The focusing effect is created by the constructive interference of waves passing through the transmitting zones distributed periodically or non-periodically along the radial coordinate [7] , [8] . Photon sieves, which evolved from the traditional FZP, are a new class of diffractive focusing element in which the transmitting zones are replaced by a great number of non-overlapping pinholes of different sizes. By tailoring the sizes and distribution of the pinholes, the focusing properties of the photon sieves can be significantly improved in terms of sidelobe suppression and spatial resolution of focal point [9] - [13] . However, it is well known that all the DOE imaging suffers from limitation of on-axis imaging only (i.e., field-of-view (FOV) of DOE is very limited) due to the strict constrain conditions imposed by optical diffraction and interference, and therefore, all those mentioned DOEs can work only at near-zero FOV, which significantly limits the applications of DOEs in imaging. In 2005, Andersen demonstrated a large-size optical photon sieves at designed wavelength 532 nm with a diameter of 10 cm and NA of 0.05 working at half-FOV of 0.5° [14] . In 2006, Schroer designed a thick tilted zone plate optic with large numerical aperture to efficiently focus hard x-rays down to below 1 nm, which is well below the theoretical limit for reflective optics such as waveguides and that of refractive optics, in which monochromatic radiation from an interval of about 100 eV or angular deviations up to 50 μrad (in equivalence of FOV 0.003°) are accepted by the optic [15] . In 2009, Chao et al developed a new nanofabrication process for Fresnel zone plate based on double patterning technique for the purpose of extending soft x-ray microscopy to a resolution of order 10 nm or better. However, the very limited/small field-of-view of 2.5 μm (in equivalence of FOV 0.015°) makes precise alignment of the optics rather challenging [16] . In 2014, Andersen showed a membrane space telescope operating at H-alpha wavelength 656.45 nm, in which a photon sieves was employed as the primary of the telescope. The diffractive limited FOV of the system is only 0.008° [17] .
In this paper, we show that a wide FOV imaging can be achieved with a single wavefront coded photon sieves. By manipulating the diffractive pinhole patterns of the photon sieves, equal focusing power for light rays coming from a wide range of incident FOV can be obtained. Experimental demonstration was performed using an UV-lithography fabricated wavefront coded photon sieves of a focal length of 500 mm and a diameter of 50 mm at a design wavelength of 632.8 nm. Results show that a wide half-field-of-view of 4°can be obtained with the wavefront coded photon sieves compared to that of 0.5°of the conventional one. It is also noted that the demonstrated method works generally for all types of DOEs (e.g., conventional FZP) because of the same physical mechanism.
Wavefront Coded Wide Field-of-View Photon Sieves
The geometry position of mth pinhole in a wavefront coded photon sieves (WFCPS) is described by (see [18] and [19] ).
where f is the focal length of the designed photon sieves, k = 2π/λ is the wave number, λ is the designed wavelength, x m and y m is the central location of the mth pinhole, n is an integer representing the sequential of the rings of the photon sieves, and R is the radius of the photon sieves. It is noted that a cubic term is introduced in (1) that serves as the wavefront coding for the imaging photon sieves with α being a coding parameter. Obviously, if α = 0, (1) then reduces to the equation that defines a conventional photon sieves. Fig. 1(a) shows the schematic of circularly distributed pinhole arrangement of a conventional photon sieves (CPS), and Fig. 1(b) shows the coded pinhole pattern of the proposed WFCPS. The point spread functions (PSFs) of the CPS is diffused with the increased FOV deviation from 0°[see Fig. 1(a) ] due to the deviation of interference condition from 0°FOV that is imposed by the on-axis design. In contrast, the introduction of the cubic term modifies the symmetric pinhole arrangement in a CPS geometrically and thus alters the wavefront of the transmitted focusing light of the WFCPS such that a wide range of FOV incident light gain equal focusing power and, consequently, achieving wide FOV operation with the WFCPS [see Fig. 1 
(b)].
A CPS with an aperture of 50 mm and focal length of 500 mm is designed at wavelength of 632.8 nm. The total ring number of the photon sieves is 987 and the minimum pinhole size is 6.3282 μm [see the inset of Fig. 1(a) ]. Positions of each pinhole of the CPS are calculated with (1) when the coding parameter α = 0. A WFCPS with the same aperture and focal length as that of CPS is also designed with a coding parameter α = 30π (see (1)). Unlike the structure of the CPS, in which coordinates of the outermost pinholes are symmetrically at (25 mm, 0 mm), (−25 mm, The pinhole diameter d m of the mth pinhole at nth ring can be determined as follows: A photon sieves is essentially evolved from a Fresnel zone plate in which the rings at a radial distance r n in the Fresnel zone plate are replaced by isolated circular holes at the same radial distance r n in the photon sieves. The width w n of nth ring in a Fresnel zone plate can be represented by (2), shown below, such that the area of each ring is a constant [10] :
where k = 2π/λ is the wave number, λ is the wavelength, f is the focal length, and r n is the radial distance of the nth ring of the zone plate. The diameter of the pinholes at the corresponding r n (i.e., nth ring) can be calculated based on the diffracted field at the center (0,0) of the imaging plane of the mth pinhole at nth ring Um,n(0, 0), which can be represented by the following oscillating function [9] , [11] :
where J 1 is a first-order Bessel function. When Um,n(0, 0) > 0, light passing through the pinholes is making a positive contribution to the focused light, while Um,n(0, 0) < 0 the transmitted light is acting to reduce the focused intensity. From (3), it is seen that positive contribution to the focused light can be obtained with pinhole diameters d n between = 0 to 2.4 w n or 4.4 w n to 6.4 w n , and so on, determined by the oscillating nature of the first-order Bessel function. In our design, we choose d n = w n at nth ring for simplicity, and w n is given by (2). FOV deviated from on-axis [see Fig. 2(a) ]. In contrast, the PSFs of the WFCPS remain almost unchanged within a wide range of the FOV from 0°to 4°with slight deviation at high frequencies when field >4°[see Fig. 2(b) ]. This FOV range represents the boundary of the consistency of the PSFs at different FOV, which can thus be considered as the effective FOV of the WFCPS. The modulation transfer functions (MTF) that correspond to Fig. 2(a) and (b) are calculated by taking the Fourier transform of the PSFs and shown in Fig. 2(c) . It is consistent with those observed in Fig. 2(a) and (b) , MTFs of the CPS drop significantly when the FOV deviates from on-axis, especially when field >0.5°, resulting in zero points appear in the MTF and the loss of spatial frequencies in the image. In contrast, MTFs are nearly identical in the case of WFCPS within the range of FOV from 0°to 4°with slight deviation at high frequencies when field >4°. Because of the consistency of the MTFs at different FOV in the WFCPS, and there are no zero points appeared in the MTFs, the wavefront coded blur images at wide FOV can be restored by using an appropriately designed digital filter. As a result, the sensitivity of the imaging quality to the FOV can be greatly reduced, yielding wide FOV operating with the proposed WFCPS. target object (i.e., a patterned test plate) and the PSFs shown in Fig. 2 . All the imaging simulations are performed using MATLAB computing program. The images of the CPS become increasingly fuzzy when the incident FOV deviates increasingly from on-axis [see Fig. 2(d) ]. It is seen that the images at FOV of larger than 0.5°become unacceptable, from which the working FOV of the CPS can be considered as less than 0.5°at the designed wavelength of 632.8 nm. Fig. 2 (e) and (f) show the blurred intermediate images and the corresponding restored images of the WFCPS, respectively. The image restoration is implemented with Wiener filtering technique [20] in which the blurred intermediate images shown in Fig. 2 (e) are deconvolved with the filtering function of an averaged PSF from 0°(on axis) to 6°shown in Fig. 2(b) . It is seen that the intermediate blurred images can be well restored and the restored images at different FOVs from −4°to 4°show the almost same resolution as that of the CPS on-axis imaging at the designed wavelength 632.8 nm [see Fig. 2(d) ], with very small deviation when field >4°due to the small inconsistency of the MTF at large deviation from on-axis. It should be mentioned that the blurred images in the case of a CPS when the FOV deviates from on-axis cannot be restored by using the same method as that in a WFCPS or other filtering method. The fundamental physical mechanism is that when the FOV deviates from on-axis, the MTFs of the system drop rapidly, and zeros appear in the MTFs of the CPS, resulting in the loss of spatial frequencies in the image, as shown in Fig. 2(c) [18] . In the case of a WFCPS with D = 50 mm, f = 500 mm, and α = 30π, the half-FOV can be as large as 4°-5°, which implies that the extension of the FOV of the WFCPS is about one order of magnitude higher than that of the conventional one.
Simulations

Experiments
The demonstration of the proposed WFCPS imaging is performed and compared with that of a CPS of the same aperture and focal length. Fig. 3 shows the experimental arrangement. A CPS with a focal length of 500 mm and a diameter of 50 mm at wavelength 632.8 nm and a WFCPS with coding parameter α = 30π and the same focal length and aperture as the CPS are fabricated using UV lithography. The photos of the fabricated CPS and WFCPS are shown in the inset of Fig. 3 , respectively. A He-Ne laser is used for the imaging illumination. A collimator with a focal length 550 mm, and a diameter 55 mm is used to generate a collimated beam. A rotation stage is used to control the incident FOV. A CCD with pixel size 4.54 μm (AVT Prosilica GX2750C) is used to record the image.
We first evaluate the performance of the fabricated CPS at FOV from −6°to 6°. Fig. 4 (a) and (b) show the PSF measurements and the target images of the CPS with a diameter of 50 mm and focal length 500 mm under illuminating wavelength 632.8 nm. The target used in the imaging experiment is USAF 1951. The PSFs and images of the CPS is diffused with the increased FOV deviating from the zero field (on-axis). It is seen that the images at FOV of larger than 0.5°become unacceptable, from which the working FOV of the CPS can be considered as less than 0.5°at the designed wavelength, which is expected from a diffractive element. Detailed examinations show that the on- axis optical resolution of the CPS under designing wavelength is about 50.8 lp/mm (corresponding to 16 μm focal spot), which is very close to the diffraction limited spot size of 15.44 μm.
As a comparison, Fig. 5 shows the PSF measurements and the imaging results of a WFCPS with a wavefront coding parameter α = 30π at different FOVs from −6°to 6°. Fig. 5(a) shows the experimentally measured PSFs, which takes "L-shape", same as those predicted in the simulation shown in Fig. 2(b) . The PSF distribution of the WFCPS remains almost unchanged within a wide range of FOV with slight deviation when field >4°. This range of FOV can thus be considered as the working FOV of the WFCPS, which is about 8 times that of the CPS. Fig. 5(b) shows the intermediate blurred images (i.e., before digital image filtering) produced by the WFCPS. The restoration of the wavefront coded images are shown in Fig. 5(c) . The restoration is performed using Wiener filtering technique in which the blurred intermediate images shown in Fig. 5(b) is deconvolved with the filtering function of PSFs shown in Fig. 5(a) .
It is seen from Fig. 5 that the intermediate blurred images can be well restored and the restored images at different FOVs from −4°to 4°show the almost same resolution as that of the CPS on-axis imaging at the designed wavelength 632.8 nm [field = 0°in Fig. 4(b) ]. It is estimated, from Fig. 6 shows, respectively, the MTFs of the CPS imaging at different FOVs (dashed lines), as well as the MTFs of the images with the WFCPS (solid lines). In the case of CPS imaging, MTFs of the CPS images drop significantly when the FOV deviates from zero FOV which is consistent with the images seen visually in Fig. 4(a) and (b). In contrast, the MTFs (solid line) of the WFCPS imaging in a wide FOV range (−4°∼4°) are similar to that of the CPS at the on-axis FOV (field = 0°) (black dashed line), which provides a quantitative evidence for the observed experimental images. It should be noted that the working FOV could be further extended when the wavefront coding parameter α is further optimized. It is known that the larger the coding parameter α, the more insensitive to FOV the PSF/MTF, and consequently, the lower the MTF, which results in the noise enhancement after deconvolution [21] . The effect of the coding parameter α on the working FOV and the image signal-to-noise ratio (SNR) can be optimized with the help of the calculation power of modern image processing and also the criteria of image SNR, to achieve a trade-off between maximal FOV extension and acceptable image SNR.
Conclusion
We have showed and experimentally demonstrated a wide FOV imaging with a wavefront coded diffractive photon sieves. The wavefront coded diffractive imaging element shows the capability of wide FOV imaging, which breaks the limitation of near-zero FOV imaging only with conventional diffractive elements. The physical mechanism behind the wide FOV operating of the diffractive elements is that the wavefront coded diffractive patterns generates equal focusing power for light rays coming from a wide incident FOV. Both theoretical simulation and experimental results show that wide FOV photon sieves imaging can be obtained with a single wavefront coded structure without any auxiliary optical elements, which opens a new way for extending the application possibilities of using diffractive technology. This proposed structure is simple and generic without the need of complicated design for each specific system. Using an UV-lithography fabricated WFCPS of focal length 500 mm and diameter 50 mm at design wavelength 632.8 nm and a coding parameter α = 30π, wide FOV imaging ranging from −4°to 4°are demonstrated, compared with an FOV from −0.5°to 0.5°with the conventional CPS of the same aperture and focal length. It should be noted that the working FOV of the WFCPS could be further extended when the wavefront coding parameter α is further optimized by taking into account the tradeoff between the FOV and the acceptable SNR. It is thus concluded that the proposed method provides a generalized way for wide FOV imaging for DOEs without a complicated designed system.
